The aim of this study was to evaluate the efficacy and toxicity of stereotactic body radiation therapy (SBRT) in the treatment of patients with liver metastases. Between August 2006 and July 2011, patients with 1-4 liver metastases were enrolled and treated with SBRT using the CyberKnife ® system at Tianjin Medical University Cancer Institute and Hospital.
Introduction
The liver is the second most common site for the metastatic spread of cancer, with most liver lesions caused by colorectal cancer, followed by pancreatic and breast cancers. [1] [2] [3] Surgical resection is currently considered to be the first-line measure for the treatment of liver metastases. [4] [5] [6] Unfortunately, the feasibility of surgical resection can be limited by a high rate of relapse and the complicated clinical setting, such as tumor size, location, and relationship with major intrahepatic vascular structures, which are frequent causes of interruption or discontinuation of surgical resection. [7] [8] [9] [10] Even with surgical resection, tumor relapse rates remain very high, seriously affecting the chances of survival of patients with liver metastases. 11 Transcatheter arterial chemoembolization and radiofrequency ablation are currently considered to be an alternative or complementary measure for the treatment of metastatic liver cancer; unfortunately, these procedures are associated with their own potentially life-threatening toxicities submit your manuscript | www.dovepress.com
Dovepress

916
Yuan et al and complications, which are frequent causes of treatment interruption or discontinuation. Therefore, it seems necessary to have alternative palliative treatment options for patients with liver metastases.
Radiotherapy can be an effective radical treatment strategy for liver metastases. It has been attempted for liver metastases for more than three decades, but its use has been limited by the risk of radiation-induced liver toxicity and the low tolerance of the whole liver to radiotherapy. 12, 13 However, advances in stereotactic body radiation therapy (SBRT) have enabled high-dose radiotherapy to be directed to the tumor while sparing the noncancerous surrounding liver parenchyma from these high doses. Several recent reports have demonstrated that SBRT is feasible, with promising responses seen for primary hepatocellular carcinoma and liver metastases, but there is a need for additional evidence before its use in clinical practice. 14, 15 The CyberKnife ® (Accuray Incorporated, Sunnyvale, CA, USA), an image-guided robotic radiosurgery system, is a radiation delivery platform capable of detecting and correcting for intrafraction tumor motion as well as adapting to the patient's breathing pattern and moving the linear accelerator in concert with it. 16 Although there is some evidence indicating that SBRT is highly beneficial for treating patients with liver metastases, [17] [18] [19] it is still unclear whether this evidence is scientifically rigorous enough to recommend routine use of SBRT for the curative treatment of liver metastases. The aim of the present study was to assess the efficacy and safety of SBRT using the CyberKnife ® system for the treatment of liver metastases in clinical practice.
Patients and methods study design and eligible patients
Consecutive eligible patients with liver metastases were enrolled in this retrospective observational study at the CyberKnife ® Center (first-generation division), Tianjin Medical University Cancer Institute and Hospital, between August 2006 and July 2011. All patients were examined by an oncologist before enrollment into the study. The inclusion criteria were defined as follows: patients of any age; liver metastases confirmed cytologically or pathologically, or diagnosed through imaging; Karnofsky performance score $70; more than four liver metastases and longest individual tumor diameter less than 6 cm; life expectancy of more than 3 months; unsuitability for surgery due to, eg, old age or poor heart and lung function and received SBRT using CyberKnife ® treatment; bilirubin level ,3 mg/dL; albumin level .2.5 g/dL; and serum liver enzyme concentration less than twice the upper limit of the normal range. The exclusion criteria included the following: jaundice caused by, eg, obstructive or hemolytic disease; a prolonged prothrombin time induced by hematologic disease; and ascites. Informed consent was obtained from all patients. The study protocol was conducted in accordance with the ethical guidelines of the 1995 Declaration of Helsinki and was approved by the independent ethics committees at Tianjin Medical University Cancer Institute and Hospital.
Patient characteristics
Between August 2006 and July 2011, 57 patients with 80 liver metastases were treated at the CyberKnife ® Center, Tianjin Medical University Cancer Institute and Hospital. Forty-two patients were cytologically or pathologically diagnosed and 15 patients were diagnosed on the basis of two imaging studies, including enhanced computed tomography (CT), positron emission tomography/computed tomography (PET/CT), and magnetic resonance imaging. Seventy lesions in 49 patients were assessable for local control; however, eight patients with ten lesions were not assessable because they died within 6 months of treatment. Among the assessable patients, there were nine who had received prior local therapy and 32 who had a history of systemic therapy. In addition, consistent with an earlier study, 20 the patients were divided into a favorable prognostic group (primary tumors originating from the colon, breast, or stomach, as well as sarcomas) and an unfavorable prognostic group (primary tumors originating from the pancreas, lung, ovary, gallbladder, uterus, hepatocellular carcinoma, as well as olfactory neuroblastoma). All 57 patients were assessed for progression-free survival, distant progression-free survival, and overall survival. Demographic information and baseline characteristics for all patients are shown in Table 1 .
Treatment schedule
Details of the CyberKnife ® treatment technique and its accuracy have been described in our previous publications. [21] [22] [23] The prescribed dose and fractionation were specified according to lesion location and volume. Briefly, an average of five cylindrical gold fiducial markers (Best Medical International, Springfield, VA, USA) were placed percutaneously either under ultrasound guidance or CT guidance within or around the tumor at a minimum distance of 2 cm. Next, the patients were immobilized using a vacuum mattress before threedimensional or four-dimensional CT simulation was used in the planning procedure. A set of planning CT images through the liver were obtained after infusion of intravenous radiographic contrast material to highlight the tumor. The images had to have enough margin above and below the 
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sBrT using the cyberKnife ® for liver metastases tumor according to pretreatment planning CT, PET/CT, and magnetic resonance images. The gross target volume was defined as the liver metastasis and the planning target volume, with an accurate margin according to three-dimensional or four-dimensional CT simulation. The total dose delivered to the tumor and the fractionation schedule were determined by constraints regarding the adjacent normal tissues, as shown in Table 2 , and three examples of the dose distribution are shown in Figure 1 .
Treatment characteristics
A detailed summary of the treatment planning parameters for all lesions and the assessable lesions is shown in 24 The dose was prescribed to the median 79% (range 70%-85%) isodose line, which encompassed 95% of the planning target volume.
Follow-up and endpoints
The patients were observed at 1 month after completion of treatment, every 3 months for the first year, and every 6 months thereafter until July 2012 ( Figure 2 ). Imaging, including CT, PET/CT, magnetic resonance imaging, adverse events, and compliance were monitored in all patients for the follow-up period using our clinical databases. The primary endpoint was local control rate, and the secondary endpoints were overall survival, progression-free survival, distant progression-free survival, and adverse events. Local control was defined as complete response and partial response, and local tumor response was defined using the Response Evaluation Criteria in Solid Tumors (RECIST) 1.1 criteria. 25 In addition, local control of liver metastases was assessed at a minimum of 6 months of follow-up after SBRT in order to avoid the uncertainty associated with early transient radiographic changes in the Figure 1 representative planning cT and isodose distributions with sBrT for patients with 1-3 lM. Notes: each representative patient had axial, sagittal, and coronal images taken, and red and purple lines indicate gTV and PTV, respectively. (A) a 38-year-old woman treated for a solitary lM from breast carcinoma. sBrT was performed using three fractions of 12 gy prescribed to the 78% isodose line. (B) a 54-year-old man treated for two LM from rectal carcinoma. SBRT was performed using five fractions of 9 gy to the 77% isodose line. (C) an 18-year-old man treated for three lM from pancreatic carcinoma. sBrT was performed in three fractions of 12 gy to the 77% isodose line. Abbreviations: lM, liver metastasis; cT, computer tomography; gTV, gross tumor volume; PTV, planning target volume; gy, gray; sBrT, stereotactic body radiation therapy. 
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sBrT using the cyberKnife ® for liver metastases ( Figure 3A) . The trend of the 1-year and 2-year tumor-based local control were similar to the patient-based analysis ( Figure 3B ). Among patients eligible for analysis of local control, those who had undergone systemic treatments before SBRT had a better outcome than those who had not ( Figure 3F , P=0.049). Local control was better for patients with liver metastases receiving a biologically equivalent dose .100 Gy than in those receiving a biologically equivalent dose #100 Gy, although the difference was not statistically significant ( Figure 3G, P=0.11 ). Furthermore, differences in local control were also statistically insignificant according to primary tumors ( Figure 3C , P=0.18), location of liver metastases ( Figure 3D , P=0.56), and the time interval between diagnosis of liver metastases and SBRT ( Figure 3E , P=0.79). Median progression-free survival and distant progression-free survival for the entire cohort was 12 months and 37 months, respectively ( Figure 3H ).
Overall survival
All patients were followed up until death or July 2012, and 24 patients had died by the last follow-up. Median follow-up duration was 20.5 (range 1-64) for the whole cohort. Median overall survival was 37.5 months, and the 1-year and 2-year overall survival rates were 68.6% and 55.9%, respectively ( Figure 4A ). In patients with a more favorable prognosis, the median overall survival was not reached and the 1-year and 2-year overall survival rates were 89.6% and 72.2%, respectively. In the rest of the patients, median overall survival was 8.7 months and the 1-year and 2-year overall survival rates were 42.2% and 36.2%, respectively, ( Figure 4D Cum survival 12 systemic treatment had a slightly longer overall survival compared with those who had not, although this difference was not statistically significant ( Figure 4H, P=0.09 ). In addition, differences in overall survival were not statistically significant for age ( Figure 4B 
Factors associated with overall survival
Using multivariate analysis, an unfavorable pretreatment prognosis for overall survival was associated with primary tumor site (P=0.0001); however, age, gender, number of liver metastases, metastases at other sites, time interval between diagnosis of liver metastases and SBRT, and prior systemic treatment were not predictive factors according to the multivariate analyses (Table 4) . Multivariate analysis was not performed for local control because of the small number of events.
Patterns of failure
None of the eligible patients relapsed within the planning target volume, and a summary of the analysis of failure patterns is provided in Table 5 . Twenty-three patients showed no progression after SBRT, but 34 patients (59.6%) experienced intrahepatic and extrahepatic progression within a median of 6 (range 2-53) months after SBRT. Among these 34 patients, 19 (33.3%) experienced extrafield intrahepatic progression, nine (15.8%) experienced extrafield intrahepatic progression only, 23 (40.4%) experienced extrahepatic progression, and 14 (24.6%) experienced extrahepatic progression only.
Toxicity
The treatment was well tolerated by all patients. The most common toxicities were grade 1 or 2 fatigue, nausea, and vomiting, and changes in liver function tests, which were corrected by routine treatment. None of the patients developed grade 3 or higher toxicity. In addition, no clinically significant changes were noted on liver function evaluation or physical examination.
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sBrT using the cyberKnife ® for liver metastases and warrants further investigation. In addition, there was a slight trend towards superiority of receiving a biologically equivalent dose .100 Gy compared with a biologically equivalent dose #100 Gy in terms of local control, but the difference was not statistically significant. A multicenter pooled analysis also indicated a relationship between the total dose delivered with SBRT and local control rate; for a three-fraction regimen of SBRT, a prescription dose of at least 48 Gy in three fractions should be considered. 19 In addition, differences in local control were not statistically significant according to the primary tumor, location of liver metastases, and the time interval between the diagnosis of liver metastases and SBRT.
The median overall survival after SBRT ranged from 10-34 months, with 2-year overall survival rates ranging from 30% to 83%, with occasional long-term survivors. 20, 29 Despite the relatively high representation of poor prognostic features in our patients, such as old age and advanced disease, the median overall survival of patients with liver metastases receiving SBRT treatment was 37.5 months and 2-year overall survival rate was 55.9%. These values are comparable with the rates reported for patients with liver metastases from similar primary sites who received surgical treatment. Moreover, our results agree with those reported by Rusthoven et al, 20 who demonstrated improved median overall survival after SBRT for liver metastases from favorable primary tumors compared with that for those from unfavorable primary sites. Furthermore, multivariate Cox regression analysis identified that the primary tumor was the only independent prognostic factor that predicted overall survival in patients with liver metastases. In contrast, there is some research that found no significant difference in overall survival between patients with colorectal primary lesions and those with primaries at other sites. 30 The reason for this discrepancy is still unclear, but may be related to how well the primary disease has been controlled. In addition, patients with liver metastases who had received prior systemic treatment had longer overall survival than those without such a history, although these differences were not statistically significant. A substantial proportion of patients presented with out-of-field progression at a median time of 6 months after SBRT. Based on a combination of local control and the pattern of failure, it appears that the integration of aggressive local therapy with systemic treatment must play an increasingly important role in the treatment of this disease.
Because of the accuracy of SBRT, normal tissue could be effectively spared and adverse events due to radiation 
Discussion
This study was designed to evaluate the efficacy and safety of SBRT using the CyberKnife ® system in the treatment of patients with liver metastases. Our results show that SBRT can achieve local control without severe toxicity in these patients, and provide a rational basis for the clinical use of SBRT in patients with 1-4 liver metastases who cannot undergo surgery or other treatments. However, given the limited sample size and retrospective nature of this study, further studies are needed to elucidate the optimal dose-fractionation schemes for treatment of such patients.
A recent review showed that local control of liver metastases using SBRT is encouraging, with rates ranging from 70% to 100% at 1 year and 60% to 90% at 2 years. 27 Our study concurs with the published SBRT data indicating that SBRT achieves good local control. During our study, the 1-year and 2-year actuarial local control rates were 94.4% and 89.7%, respectively. Of note, Stintzing et al demonstrated lower local control rates for colorectal liver metastases than for noncolorectal liver lesions. 28 Although the patients in our study who had received systemic treatments prior to SBRT were heterogeneous in terms of drug type, number of rounds of chemotherapy, and time interval between chemotherapy and radiotherapy, the results are consistent with previous studies showing that local control of liver metastases in patients receiving SBRT may depend on prior therapy. 29 Therefore, systemic treatment before SBRT does seem to play a role in local control
OncoTargets and Therapy 2014:7 submit your manuscript | www.dovepress.com Dovepress were not encountered. In our study, acute toxicities were for the most part minimal, mainly consisting of grade 1-2 fatigue, nausea, and vomiting, and changes in liver enzyme, bilirubin, and albumin levels, with no grade 3-4 toxicities occurring up to 6 months post-treatment. Therefore, we can conclude that there was no significant correlation between use of SBRT and adverse events. However, the toxicities were retrospectively evaluated, which may have underestimated the frequency of adverse events, and further studies with longer follow-up are necessary to assess the potential immediate benefits of SBRT and identify any toxicity.
This was a retrospective observational study. Given that record-keeping and bias may influence results, prospective studies of liver metastases must be performed to confirm the efficacy and safety of SBRT using the CyberKnife ® system. Local control appears to be excellent with SBRT; however, our follow-up was short and the study included a heterogeneous group of patients with a variety of primary tumors, previous treatments, and liver disease status. The optimal dose and fractionation scheme was not determined due to lesion location and volume.
Conclusion
Overall, SBRT is an effective modality with good local control rates and acceptable toxicity for unresectable or medically inoperable liver metastases. Further studies in more favorable patients and with longer follow-up should further elucidate the dose-response relationship, the potential late toxicity profile, and the chances of long-term survival after SBRT. It could also be useful to underline the better prognosis of selected surgical patients compared with those of SBRT in order to help identify the subset of patients most likely to benefit from SBRT.
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